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ELECTROCOAGULATION WITH ZEOLITE ADDITION 
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University of Split, Faculty of Chemistry and Technology 


ABSTRACT 


The electrocoagulation with zeolite addition was used to treat compost leachate. The effects of 
different current densities and zeolite particle sizes on electrode dissolution, electrode surface 
condition, and removal efficiency were investigated. The surface of the electrodes was analysed by 
optical microscope, while the consumption of the aluminium electrodes was investigated by 
weighing. The results confirmed that the removal efficiency could be improved by conducting the 
experiment at higher current densities, but the electrodes used were significantly more damaged. 
Significant damage was also observed on the electrode used in the experiment with larger zeolite 
particles, which can be related to the stronger abrasion effect. 
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1. INTRODUCTION 

Electrocoagulation (EC) is a process that 
combines coagulation, flocculation, flotation, 
and electrochemical anodic and cathodic 
reactions to remove pollutants from 
wastewater. It is based on the formation of 
flocs of metal hydroxides by dissolving the 
electrodes, which serve as flocculants on 
which pollutants can be removed by the 
sweep flock mechanism [1-7]. In general, the 
electrochemical reactions taking place in an 
EC reactor with immersed metal electrodes 
(M), and with aluminium electrode can be 
represented by the following equations [2,8]: 


anode 
Al(s) > Altiay + 3e7 (1) 
2H20q > 4H (aq) + O2(g) + 4€7 (2) 
cathode 
2H20q + 2e~ > 2H2q) + OH (3) 
202(g) + 4H* + 4e~ > 2H,0 (4) 


Oxidation of the aluminium occurs at the 
anode, causing the aluminium anode to 
dissolve (or corrode) and produces aluminium 
metal cations that instantly undergo further 
reactions to form different metal (oxy) 
hydroxides. At the same time, an anodic 
oxygen evolution reaction (OER) takes place 
(reaction 2), so there is competition between 
aluminium dissolution and OER. According to 
Tegladza et al. [2], at low current density, 
aluminium dissolution mainly occurs, while 
at high current density, both processes 
compete. At the cathode, a hydrogen evolution 
reaction (HER) occurs (reaction 3), while under 
the condition of high dissolved oxygen 
content, an oxygen reduction reaction (ORR) 
also takes place (reaction 4) [2,8]. 

Corrosion product formation reaction of 
Al(OH); which serves as flocculants is given 
by equation (5). Namely, the Al* ions 
generated at the anode and OH’ produced at 
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the cathode undergo several speciation 
reactions and generate intermediate species 
(such as AI(OH)*, Al,(OH)3*, Al,(OH)};, 
Al,30,(OH)3i, which are the precursors to the 
formation of the stable insoluble Al(OH); flocs 
[8]. 


Algi,) + 30H~ > Al(OH) 35) (5) 
During EC processes, the appearance of 
passivation on the metal surface of the 
electrode causes an increase in potential [2]. 
Thus, passivation can reduce the dissolution 
process of metal cations from the electrodes 
and leads to _ increased __ electricity 
consumption. To prevent the occurrence of 
passivation, the addition of specific anions in 
the solution (so-called activators, like chloride 
ions), regular mechanical cleaning, and 
rinsing of the electrode surface or electrode 
polarity change are usually used [2, 9-12]. 
Therefore, further research is needed to 
provide a new solution that can contribute to 
better electrode dissolution. Our previous 
researches confirm that the zeolite addition in 
the EC process may enhance the EC treatment 
efficiency [13-16]. Moreover, the abrasive effect 
of zeolite particles on the electrode surface 
was also recorded, which can reduce the 
passivation effect. 

The purpose of this paper is to investigate how 
changing the parameters of the EC 
experiments, such as different sizes of zeolite 
particles and different current densities, will 
affect the change in the surface of aluminium 
electrodes during the EC experiment, electrode 
consumption, and removal efficiency. The 
surfaces of the electrodes were analysed by 
optical microscope, while the consumption of 
the aluminium electrodes was investigated by 
weighing method. Treatment efficiency was 
evaluated by measuring pH, temperature, total 
solids, COD, and turbidity. 


2. EXPERIMENT 

2.1 Materials 

Compost leachate was collected during the 
composting of biowaste in the "C- 
EcoForHome" composter with the use of 
"Compost Help" anaerobic microorganisms. 
Compost leachate is characterized by acidic 
pH (pH=4.03), very high organic load (initial 


COD equals 10427.6 mg 0./L), very high 
electrical conductivity of 3.54 mS/cm, 
turbidity of 397 NTU, and total solids (TS) of 
10.33 g/L. All measured parameters are 
determined according to the Standard Water 
and Wastewater Testing Methods [17]. 


Electrode material The aluminum alloy AA 
2007 series 2000 was used as electrodes 
(anode and cathode), in which the main 
alloying element is copper (Al=92.58%, 
Cu=3.84%). 


Synthetic zeolite: The synthetic zeolite NaX 
was purchased from Sigma-Aldrich (zeolite 
type with 7 sa) = 1.23). Before use, the zeolite 
was crushed and sieved into two different 
granulations of NaX particles of 160-600 pm 
and < 90 pm. 


2.2 Performance of the electrocoagulation 
process 

Electrocoagulation (EC) was carried out in a 
350 mL of electrochemical cell, with immersed 
aluminum electrodes and with the addition of 
20 g/L NaX zeolite (particle zeolite size of <90 
yum or 160-600 ym), without the addition of 
electrolyte. The initial pH of the solution was 
4.03. Distance between electrodes was 
maintained at 3 cm and a mixing speed of 100 
rpm and the working EC time was 30 min. The 
applied current density values were / = 0.018 
A/cm? and 0.009 A/cm?. Experiments labelling 
and working conditions are summarized in 
Table 1. 


Table 1. Experiments labelling and 
working conditions 
Working conditions 


Experiments Al electrode, f= 30 min, 
labelling electrode distance = 3 cm, 
mixing speed =100 rpm 
EC, NaX (< 90 pm), 0.009 
Al 
A/cm? 
EC, NaX (< 90 pm), 0.018 
A2 
A/cm? 
EC, NaX (160-600 pm), #0.009 
A3 
A/cm? 
EC, NaX (160-600 pm), £0.018 
AA 
A/cm? 


For each EC process, pH, temperature, total 
solids, turbidity, and COD were measured 
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according to Standard Methods of Water 
and Wastewater Analysis [17]. 


2.3 Electrode surface preparation and 
consumption loss analysis 

Before each measurement, the surfaces of 
the Al electrodes were ground with P240, 
P400, P600, and P800 grit water-based 
abrasive papers using Metkon Forcipol 1V 
metallographic grinding and polishing 
machine manufactured by Metkon, Turkey. 
After mechanical processing, the electrodes 
were ultrasonically degreased in ethanol, 
washed in deionized water, dried, and 
weighed on an analytical balance before 
use. The electrode consumption was 
determined by weighing both electrodes 
(anode and cathode) on analytical balance 
before and after each experiment. 


2.4 Examination of the electrode surface 
with a light microscope 

The electrode surface of the aluminum 
electrodes (anode and cathode) after the EC 
process was examined with a light 
microscope MXFMS-BD, Ningbo Sunny 
Instruments Co. with a magnification of 100 
times. The is a trinocular microscope on 
which a Canon EOS 1300D digital camera is 
mounted and used to photograph the 
surface of the samples. The microscope is 
connected to the computer via a camera, 
and the image of the surface is projected on 
the computer monitor. 


3. RESULTS AND DISCUSSION 
3.1 Analysis of the electrode surface before 
and after the implementation of the 
electrocoagulation process using a light 
microscope 
Electrochemical processes at the anode and 
cathode, as well as exposure of the 
electrodes to leachate produced by 
anaerobic composting, lead to significant 
changes on the surface of the electrodes. For 
this reason, it is important to examine the 
condition of the surface of the electrodes 
after carrying out the process in order to 


determine the degree of wear and the form 
of corrosion attack on the electrodes. 
Therefore, the surfaces of the anodes and 
cathodes, before and after the 
implementation of the electrocoagulation 
process, were recorded using a_ light 
microscope with a magnification of 100 
times and comparisons are given in Figure 
1. 

Despite the fact that polished Al alloy 
electrodes are shiny and smooth (image on 
the left side of Figure 1), microscopic 
pictures reveal surface inhomogeneity. 
Microscopic images of the electrodes after 
mechanical processing by grinding and 
before the EC process (image on the left side 
of Figure 1) show sandpaper "lines" which 
are clearly visible. The surface's small 
residual roughness aids in the dissolution of 
the electrodes, which is helpful in this 
situation, and no additional polishing is 
needed. Namely, the main alloying element 
of the 2000 series alloys is Cu, which 
improves the mechanical properties of the 
alloys of this series, but at the same time 
worsens’ their corrosion properties. 
Consequently, such alloys have 
significantly lower corrosion resistance 
compared to pure Al. 

The image for anodes and cathodes on the 
right side of Figure 1 shows the appearance 
of the electrodes after the EC process. After 
each experiment, the anode and cathode 
lost their shine and smoothness, and 
damage and "roughness" of the surface 
caused by corrosion processes are visible. 
The surfaces of the anodes are significantly 
corroded due to the intensive dissolution 
process, whereby two dominant forms of 
corrosion are visible: general and pitting 
corrosion. Dots on the cathodes indicate the 
occurrence of pitting corrosion. The amount 
and size of the dots depend on the 
experimental conditions. In addition to dots, 
cracked surfaces are also _ present, 
indicating the existence of a layer of 
corrosion products. 
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Exp. no. Al Exp. no. A2 Exp. no. A3 
Before Exp. 


ground AA2007 electrode 
up to P800 finish 


Cathode — magnification 100x 


Figure 1. Comparison of Al electrode surface before and after EC process at experimental 
conditions of Al, A2, and A3 


Comparing the surface of the electrodes 
after process Al (with a current density of 
0.009 A/cm?) and A2 (with a current density 
of 0.018 A/cm’), significantly greater 
damage is visible on the electrodes with 
higher values of current density. The 
difference in the surface appearance of the 
electrodes in experiment Al, in which 
zeolite with smaller particle sizes was used, 
and in experiment A3, in which zeolite with 
larger particle sizes was used, is also visible. 
The electrodes, used for experiment A3, 
were significantly damaged, which can be 
connected to the stronger abrasive effect of 
larger zeolite particles. 


3.2 Electrode consumption analysis 
Electrode consumption was determined 
during each experiment by weighing the 
anode and cathode before and after the EC 
process and the results are presented in 
Figure 2. 

High anode consumption is observed in all 
EC experiments, but cathode consumption 
was also evident. Regarding the influence of 


current densities, higher anode consumption 
was observed in experiments with higher 
current densities of 0.018 A/cm?, while at 
lower values of the current density of 0.009 
A/cm’, the cathode consumption was 
higher. The impact of zeolite particle size 
was almost insignificant for lower current 
density (experiment Al/A3). However, at a 
higher current density, particle size affects 
cathode and anode consumption 
(experiment A2/A4). 


0.20 
@ Anode 


@ Cathode 
0.15 


0.10 


0.05 


Electrode consumption, g 


0.00 


A2 A3 
Ex. No 


Figure 2. Comparison of anode and 
cathode electrode consumption 
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The corrosion of the anode was expected, 
however, the corrosion of the cathode 
confirms the occurrence of a different 
mechanism of electrode dissolution in the 
EC process, which is characteristic of Al 
electrodes [13-16]. 


3.3 Efficiency analysis 

During each EC experiment, the pH, 
temperature, total solids, and COD were 
determined and the results are summarised 
in Table 2. 


Table 2. Results of pH in final solutions, initial and final temperature values, the total solids, 
turbidity, and COD for each EC experiment 


Exp. Experiment mark PHiin, Tin, Tiin, TS, Turbidity COD 
no. - °C °C g/L decrease, % decrease, % 
Al — EC-NaX (< 90 pm), £0.009 A/cm? 6.76 23.2 28.9 11.45 87.88 17.56 
A2 __ EC-NaX (< 90 pm), 0.018 A/cm? 7.14 22.8 34.1 11.99 70.28 32.82 
A3 __EC- NaX (160-600 pm), 0.009 A/cm? 5.76 22.8 29.6 11.03 88.94 31.30 
A4 — EC-NaX (160-600 pm), £0.018 A/cm? 5.83 23.5 41.6 10.19 97.00 51.91 


An increase of initial pH values from 4.03 to 
pH in the range of 5.76-7.14 is evident in all 
experiments, which is mainly associated 
with the formation of OH ions at the 
cathode (reaction 3) [2]. The slightly higher 
increase is observed with a smaller zeolite 
particle site of < 90 pm (pH is in the range of 
6.76-7.14), compared to the larger zeolite 
particle size (pH is in the range of 5.76-5.83). 
Also, higher current density values result in 
a slightly higher increase in pH values. 
Even a rise in pH is observed in all 
experiments, this rise is lower than it is 
expected according to literature (pH ~8) [13- 
16], which can be attributed to the complex 
composition of the initial compost leachate 
solution, which practically acts like a buffer. 
During each experiment, a_ significant 
increase in temperature is observed (final 
temperature is in the range of 28.9-41.6 °C), 
which is connected with higher electrode 
consumption (see Figure 2). A similar was 
observed previously [13-16]. Values of TS 
oscillate around initial TS values of 10.33 
g/L, in dependence on_ experimental 
conditions. Namely, the initial TS values are 
significantly high, and thus no significant 
reduction was observed in the final 
solution. 

Turbidity and COD decrease was observed. 
The turbidity decrease was significant (in 
the range 70.28-97.00 %) compare to the COD 
decrease (in the range of 17.56-51.91%). The 
best turbidity and COD removal was 
observed at experiment A4 (at higher zeolite 
particle and higher current density). This 
indicates that larger zeolite particle size and 


higher current density enhance Al electrode 
dissolution and formation of Al flock, thus 
removal of a higher amount of soluble and 
colloidal species from compost leachate is 
observed. 

Even significant turbidity reduction was 
achieved with the application of the EC 
process, final values of COD in all 
experiments significantly exceed the limit 
values prescribed by Croatian regulation for 
discharge into natural surface water and 
public sewage system (125 mg 0,/L) [18], 
thus additional treatment process needs to 
be performed before final discharge. 


4. CONCLUSION 

Microscopic images of the electrodes after 
the electrocoagulation process indicate 
significant damage to the electrode surface. 
The surfaces of the anodes were severely 
corroded due to the intense dissolution 
process, with general and pitting corrosion 
observed. The appearance of pitting 
corrosion is visible on the cathodes, along 
with the presence of a cracked surface 
indicates the existence of a layer of 
corrosion products. Increased values of 
current density induced higher electrode 
damage. Also, significant damage was 
observed on the electrode that was used in 
the experiment with larger zeolite particles, 
which can be associated with its stronger 
abrasive effect. Anode consumption was 
more pronounced at higher values of 
current density and higher zeolite particle 
size, with the highest turbidity and COD 
decrease observed. 
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ABSTRACT 


Leachate water from sanitary landfills represents one of the most complex global environmental 
problems. This paper examines the possibility of using aluminosilicate material, pyrophyllite, from 
the Parsovici deposit, as an adsorbent. It was researched the influence of two granulations of 
pyrophyllite (0-53 ym and 0-100 pm) on the degree of adsorption of heavy metals (Fe, Ni, Mn) from 
leachate water from the municipal landfill "Desetine’, Tuzla. The adsorption experiment was 
performed using the Batch method, depending on the contact time between the adsorbent and the 
adsorbate, the mixing speed, and the mass of the adsorbent, pyrophyllite, through two treatments. 
The results indicate a higher efficiency of the finer fraction of pyrophyllite, and in the competition of 
the three examined metals, iron is completely removed in the first treatment with both granulations 
and then nickel with finer granulation and manganese with coarser. After the first treatment, the 
unpleasant smell was removed, which is certainly a consequence of the removal of ammonia 
compounds as the most abundant compounds in leachate water. In these pioneering researches, 
pyrophyllite proved to be effective, and at the same time, it is a cheap, easily available, and 
environmentally friendly material for leachate water purification. 
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1. INTRODUCTION at the landfill, climatic conditions at the 


Leachate water from sanitary landfills 
represents highly polluted wastewater and 
can be defined as all water that has "been 
in contact" with waste disposed of at the 
landfill. Leachate landfill water is created 
by the percolation of precipitation through 
the layers of disposing of waste, then partly 
originates from water that is included in 
the composition of disposing of waste, and 
partly arises during the process of 
decomposition of waste [1, 2]. 

The amount and quality of leachate formed 
in the body of the landfill depends on the 
size of the landfill, age, working conditions, 
biological, chemical, and physical processes 


location, composition, and amount of waste 

that is disposed of, etc. 

Landfill leachate water is mainly loaded 

with the following pollutants [3]: 

e nitrogen compounds in organically 
bound form or in the form of ammonia, 

e compounds with phosphorus, 

e heavy metals, 

e cations - the most common cations 
that occur are Na‘, K*, Mg”*, Ca”*, 

e anions - Cl, SO.”,, S* i HCO*, 

e organic pollution, 

e chlorinated hydrocarbons and pesticides, 
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e specific organic compounds: aromatic 
hydrocarbons, phenols, chlorinated 
aliphatic compounds. 

Conditions for the treatment of leachate 

water are prescribed by legal acts, and the 

application of treatment technology 
depends on the amount and composition of 
leachate water and the conditions of 
discharge into an open watercourse or 

public drainage system [4]. 

Mechanical, biological, and chemical 

purification procedures are used for 

wastewater treatment. Chemical 
purification processes are processes in 
which purification is carried out using 
certain chemical reactions or certain 
physical-chemical phenomena. The basic 
procedures of chemical wastewater 
treatment are the removal of certain 
dissolved substances: chemical 
precipitation, ion exchange, oxidation, 

aeration, and adsorption [5]. 

Adsorption is a diffusion operation by 

which one or more components are 

removed from the gas or liquid phase using 

solid porous materials, called adsorbents. A 

solid substance on the surface on which 

the adsorption process takes place is called 
an adsorbent, while the substance that 

binds is called an adsorbate [6]. 

Adsorption is performed under the 

influence of physical or chemical forces 

when the adsorbed ions or molecules come 
close enough to the adsorbent. Physical 
phenomena occur in the form of Van der 

Waals’ electrostatic forces. Chemical 

adsorption occurs when molecules on the 

surface of the adsorbent and adsorbate 
molecules react. The effect of adsorption 
depends on the total surface area of the 
grain by mass, i.e. of the specific surface 

area [7]. 

The most commonly used adsorbents in 

wastewater treatment are activated carbon, 

silica gel, zeolites, and more recently the 
so-called "low-cost" adsorbents (waste 
biomass such as sawdust of various types 
of wood, straws of various kinds of wheat, 
rice husks, walnut husks, hazelnut husks, 
stems and leaves of various types of plants, 
etc.) [8]. 


Clay minerals, including pyrophyllite, are 
highly valued for their adsorptive 
properties. The widespread use of clays in 
the industry for wastewater treatment 
applications is often recommended today 
due to their local availability, technical 
feasibility, engineering application, ions, 
and cost-effectiveness. [9]. 

Clay minerals appear as_ colloidal 
aggregates of small particles. Their large 
surface area is responsible for a number of 
unique physical and chemical properties 
such as cation exchange and _ pH- 
dependent sorption [10]. 

Pyrophyllite has shown great efficiency in 
the adsorption of heavy metals from 
contaminated wastewater as well as 
wastewater from electroplating plants. 
According to current regulations, the 
allowed pH value in wastewater from 
industrial plants before its discharge 
should be 7, which dictates the need for its 
neutralization before discharge into 
waterways. Optimizing the process of 
adsorption of heavy metals from the 
wastewater of the electroplating plant, it 
was concluded that the adsorption of 
metals is most favorable at a mass of 
pyrophyllite of 10 g, a fraction size of 0.10 
mm, at pH 7, and a contact time of 2 hours 
[8, 11]. 

The results of the research into the 
effectiveness of raw and _ modified 
pyrophyllite (modified with boric acid) in 
the adsorption of heavy metals speak of the 
justification of further research, but also of 
the practical application of pyrophyllite in 
the purification of industrial wastewater. 
Analysis of waste and treated water also 
found that pyrophyllite treatment reduces: 
organic carbon, ammonia, total inorganic 
nitrogen, total phosphorus, and _ total 
alkalinity. The results showed _ the 
additional effectiveness of pyrophyllite on 
the reduction of organic compounds, 
indicating that pyrophyllite can be an 
effective agent for the treatment of 
wastewater in mines, the metal industry, 
and landfill leachate water [12]. 
Preliminary experimental results of heavy 
metal removal (Pb, Cu, Cd, Zn, and Ni) with 
PIR (pyrophyllite), PIR-B (pyrophyllite 
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modified with boric acid,) and PIR-B-V 
(pyrophyllite modified with boric acid and 
washed with water) singled out 
pyrophyllite PIR as the most effective 
adsorbent, which has a particular affinity 
for lead: 47.25 mg/g, for the described 
operating conditions. This capacity stands 
out in relation to pyrophyllites from other 
sites. During the conduct of the experiment, 
the pH value was not adjusted, and during 
the sorption of lead ions, there was the 
smallest deviation between the initial and 
final pH values. Due to the fact that 
unmodified pyrophyllite was used without 
adjusting the pH value, the application 
itself is more economically profitable and 
simpler. Based on these experimental 
results, pyrophyllite can be used to remove 
lead from wastewater [13]. 

Chemical stabilization of soil contaminated 
with heavy metals using natural 
aluminosilicate materials (pyrophyllite and 
zeolite) has generally been shown to be a 
very effective measure from the point of 
view of reducing the accessibility of heavy 
metals in the soil, and therefore also from 
the point of view of reducing the possibility 
of their entering the plant, i.e. into the food 
chain. The results of this research support 
the thesis that zeolite, and especially 
pyrophyllite, have the ability to firmly bind 
heavy metals to their structure, which, on 
the one hand, reduces the possibility of 
their uptake by plants, and on the other 
hand, contributes to environmental 
protection, because by immobilizing heavy 
metals of metals reduces the possibility of 
their leaching from the surface layers of 
the soil into underground water courses 
[14, 15]. 

During the research, pyrophyllite proved to 
be a good adsorbent for glyphosate 
(organophosphorus herbicide), so in the 
future, it could be used as a filter in many 


experiments where it is necessary to 
examine the possibility and efficiency of 
adsorption [16]. 

Taking into account all previous research 
that was carried out on a _ laboratory- 
prepared sample contaminated with heavy 
metals, the goal of this work was to 
examine the effectiveness of pyrophyllite, 
as a heavy metal adsorbent, in the process 
of purifying waste landfill water. 


2. MATERIALS AND METHODS 

The removal of toxic metals from 
wastewater through the process of 
adsorption on natural materials such as 
clays is an efficient, inexpensive, and 
environmentally friendly procedure for 
preserving the environment. The material 
used in this work is pyrophyllite shale 
(hereafter pyrophyllite) from the Parsovici 
deposit, Konjic, Bosnia and Herzegovina. 
Pyrophyllite belongs to the group of 
aluminosilicate minerals of the chemical 
formula Al.Si,0i0(OH)2, and in nature, it is 
found in the form of shale. It got its name 
from the Greek words pir-fire and philon- 
leaf because it spreads like a fan when 
heated. It is part of the isomorphic order of 
aluminosilicates that contain bound water. 
It is characterized by a three-layer crystal 
lattice, which has a tetrahedral structure in 
the outer layer, and an octahedral structure 
in the inner layer. The crystals are plate- 
like, soft, and greasy to the touch. It is 
electroneutral and not reactive in its 
natural form. Pyrophyllite is not soluble in 
water and does not swell. It is thermally 
stable. Depending on the admixture, the 
color of pyrophyllite varies from white, 
gray to purple. The chemical and 
mineralogical composition and physical 
properties of pyrophyllite are shown in 
Tables, 1, 2, and 3. 


Table 1. Average chemical composition of pyrophyllite 


Composition SiO, AlOs FeO: FeO TiO. CaO MgO CO. NaO KO Ho Hor _ Cher 
elements 

% 6lt 23.14 11 0.25 O12 185 194 430 061 144 061 4.66 <0.1 
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Table 2. Average physical properties of 


pyrophyllite 
pH 8.0-9.0 
Hardness (by Mohs) 1.0-1.5 
Specific gravity g/cm? 2.6-2.8 
Volumetric weight without 0.380-0.420 
shaking (33 pm) u g/cm? 
Volumetric weight with shaking 0.525-0.550 
(33 pm) u g/cm? 
Volumetric weight without 0.508-0.530 
shaking (63 jm) u g/cm? 
Volumetric weight with shaking 0.750-0.820 
(63 zm) u g/cm? 
Table 3. Average mineralogical 
composition of pyrophyllite 
Pyrophyllite 44-52 % 
Quartz 12-18 % 
Carbonates 10-12 % 
Kaolinite 18-22 % 
Serecit 6-12 % 


Other minerals in smaller percentages 


Pyrophyllite has naturally hydrophobic 
properties on the surface in aqueous 
solutions, which acts as a_ neutral 
adsorption site, accessible for non-polar 
organic species. Edges are hydrophilic in 
aqueous solutions. Cation exchanges (e.g. 
Al* instead of Si* in the tetrahedral layer 
or Mg”, Fe?*, Ti?* instead of Al** in the 
octahedral layer) contribute to the negative 
charge which contributes to the adsorption 
of cations or organic polar pollutants. 

Sampling of pyrophyllite was carried out at 
the site of the Parsovici mine, Konjic, 
Bosnia and Herzegovina. The pyrophyllite 
samples used were mechanically activated 
by crushing, grinding, and sieving. The 
effect of mechanochemical activation of 
pyrophyllite leads to significant changes in 
the mineral structure, ie. to partial 
amorphization, due to an increase in the 
number of lattice defects and deformations 
in the crystal structure, which results in an 
increase in specific surface area and 
reactivity. During grinding, easy splitting of 
layers occurs, while ionic and covalent 
bonds in the structure are broken at the 
edges. This is why flat, layered surfaces are 
hydrophobic while edges are hydrophilic in 
aqueous solutions, forming negatively 
charged sites. Two granulation samples: 0- 


53 pm and 0-100 pm were used to test the 
adsorption of heavy metals in this work. 
Leachate landfill water was sampled at the 
sanitary municipal landfill "Desetine’, 
Tuzla. The basic characteristics of landfill 
soil are the structure of sediments: clay, 
marl, sandstone, conglomerate, and sand. 
Clays and marls, i.e. the zones they build 
act as a hydrogeological insulator, while 
the zone with conglomerates, sand, and 
sandstones represent a collector of integral 
porosity. The greater the thickness of the 
clay and the greater its density, the greater 
the effect of purifying the filtrate. All 
leachate water from the waste material 
and from the surface, porous soil located on 
the impermeable layer is collected by a 
drainage system and controlled under an 
earthen dam [17]. Collected wastewater 
does not undergo any purification 
treatment before discharge into the 
recipient, surface water. 

Parameters that exceed the permitted limit 
value in relation to the current legal 
regulation are heavy metals: Fe, Ni, Mn, 
and biological oxygen demand (BODs). In 
this paper, the focus of purification is on 
the removal of heavy metals to the 
satisfactory values prescribed by 
Regulation [4]. 

Heavy metal adsorption experiments were 
performed using the "Batch" method, direct 
contact of a certain amount of pyrophyllite, 
and a real sample of landfill leachate in the 
Laboratory of AD Harbi LLC, Sarajevo. 


3. EXPERIMENTAL PART 

Visual characteristics of the initial sample 

of landfill leachate water: dark yellow, 

slightly turbidity water with a very sharp 

and unpleasant smell. 

The leachate water is divided into three 

parts for further treatment: 

e Sample 1 - landfill water without 
treatment, 

e Sample 2 - landfill water for treatment 
with pyrophyllite granulation 0-53 pm 
in a concentration of 5%, 

e Sample 3 - landfill water for treatment 
with pyrophyllite granulation 0-100 pm 
in a concentration of 5%. 
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The laboratory equipment used was a 
laboratory balance, a magnetic stirrer type 
Velp Scientifica, an electric vacuum pump 
type KNF Neuberger and other standard 
laboratory accessories and _ dishes. 
Pyrophyllite granulation 0-53 pm and 0-100 


a) 


yim in a concentration of 5% were added to 
water samples 2 and 3, after which they 
were mixed on a laboratory stirrer at a 
speed of 200 rpm, for 2 hours (Figures 1a, b, 
and c). 


Figure 1. Sample of landfill leachate water before (a), during (b), and after (c) 
the addition of pyrophyllite 


At the end of 2 hours, the mixture of 
wastewater and pyrophyllite was filtered 
on a Buchner funnel, through a filter paper 
blue strip with the use of an electric 
vacuum pump, for assisted filtration. The 
treatment was repeated twice with both 
granulations of pyrophyllite, by adding the 
same amount of pyrophyllite 
(concentration 5%) to the filtrates after the 
first treatment. 

Laboratory determination of the content of 
iron, nickel, and manganese in leachate 
landfill water was done in cooperation 
with the Laboratory of the Institute of 
Chemical Engineering Tuzla, using 
standard methods EPA Method 7000 B and 
BAS ISO 11047:2000. Both mentioned 
methods are based on flame atomic 
absorption spectrophotometry, and 
instruments manufactured by Perkin 
Elmer, type Optima 2100 DV (optical 
emission spectrometer-plasma) and 
manufactured by VARIAN, type AA 200 
(Atomic Absorption Spectrometer) were 
used for testing. 


4. RESULTS AND DISCUSSION 
Below is a tables and charts overview of 
experimentally obtained results. 


Table 4. Initial and limiting pH values and 
metal values 


hoe es * Limit value 
Concentration in 
for surface 


Metal the initial water : 
saniple(ma/l) water bodies 
(mg/l) 
Fe 2.766 2.0 
Ni 0.656 0.5 
Mn 3.307 1.0 
pH 7.12 6.5-9.0 


* in accordance with the applicable legislation, Annex 


1 [4] 


Table 5. pH value, metal concentrations in 
the initial sample of landfill leachate water, 
and after Ist and IInd treatment with 
pyrophyllite granulation 0-53 pm 


Concentration I II 
Metal in initial treatment treatment 
sample (mg/1) (mg/l) (mg/l) 
Fe 2.766 <0.006 <0.006 
Ni 0.656 0.117 0.108 
Mn 3.307 1.096 0.201 
pH 7.12 7.42 7.63 
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Initial sample I treatment II treatment 


Figure 2. Presentation of limiting metal concentrations, metal concentrations in the initial 
sample of leachate landfill water and after Ist and IInd treatment with pyrophyllite 
granulation 0-53 pm 


Table 6. pH value, metal concentrations in the initial sample of leachate landfill water after 
Ist and IInd treatment with pyrophyllite granulation 0-100 pm 


Metal Concentration in initial sample I treatment II treatment 
(mg/l) (mg/l) (mg/l) 
Fe 2.766 0.231 <0.006 
Ni 0.656 0.200 0.107 
Mn 3.307 0.665 0.198 
pH 7.12 7.37 7.44 


mFe =e Ni = Mn 


c (mg/l) 


Initial sample I treatment II treatment 


Figure 3. Presentation of limit concentrations of metals, the concentration of metals in the 
initial sample of landfill leachate water after Ist and IInd treatment with pyrophyllite 
granulation 0-100pm 
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Table 7. Overview of adsorption efficiency depending on pyrophyllite granulation 


% adsorption 


Metal Ist treatment Ist treatment 0-100 IInd treatment IInd treatment 
0-53 pm pm 0-53 pm 0-100 pm 
Fe 100.0 91.6 0 100 
Ni 82.2 69.5 7.7 46.5 
Mn 66.9 79.9 81.7 70.2 
mFe gNi = Mn 
100 
90 
80 5 
2 70 - 
= 60 - 
$ 50 + 
= 
2 40 - 
30 | 
20 + 
10 - 
0 as 
I treatmen I treatment II treatment II treatment 
0-53 um 0-100 tum 0-53 um 0-100 um 


Figure 4. Presentation of adsorption efficiency depending on granulation 


lh Initial 
sample 


j 


Ist 
treatmen 


] 


f 


IInd 
treatment 


Figure 5. Visual representation of samples of landfill leachate before and after treatments 


After the first treatment, the unpleasant 
smell was significantly reduced in both 
treated samples, and after the second it 
was almost gone. As leachate water is rich 
in ammonia compounds, with an intense 
smell, it is clear that pyrophyllite plays a 
role in binding them and neutralizing the 
smell. After both treatments of landfill 
leachate with pyrophyllite, a lighter color 


of the sample is observed, as seen in Figure 
5. 

When it comes to the change in pH value, 
the initial sample had a value of 7.12, and 
after the IInd treatment, the pH value was 
7.63 (for granulation 0-53 pm) and 7.44 (for 
granulation 0-100 pm). An increase in pH, 
ie. alkalinity of the environment, indicates 
an increase in hydroxyl ions and cations as 
a consequence of adsorption chemistry. 
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The results of the experiment conducted on 
Sample 1 (pyrophyllite granulation 0-53 
yim) are shown in Table 5 indicate a 
decrease in the concentration of iron from 
the initial value of 2.766 mg/l] to a value 
less than 0.006 mg/l immediately after the 
I treatment, the concentration of nickel 
from the initial value 0.656 mg/l] to a value 
of 0.117 mg/1 after the Ist treatment or 0.108 
mg/l after the IInd treatment, and 
manganese concentration from the initial 
value of 3.307 mg/l to a value of 1.096 mg/1 
after the Ist treatment or 0.201 mg/1 after 
the IInd treatment. 

The results of the experiment conducted on 
Sample 2 (pyrophyllite granulation 0-100 
ym) shown in Table 6 indicate a decrease 
in iron concentration from the initial value 
of 2.766 mg/1 to a value of less than 0.231 
mg/1 after the first treatment, i.e. to a value 
of less than 0.006 mg/l] after the IInd 
treatment, nickel concentrations from the 
initial value of 0.656 mg/l to a value of 
0.200 mg/1 after the Ist treatment, i.e. 0.107 
mg/l after the IInd treatment, and 
manganese concentrations from the initial 
value of 3.307 mg/l to a value of 0.665 mg/l 
after the first treatment or 0.198 mg/1 after 
the second treatment. 


5. CONCLUSION 

The results of the research prove that 
pyrophyllite from the "Parsovici" deposit, 
Konjic, Bosnia and Herzegovina, can be 
used as an effective agent (adsorbent) for 
removing iron, nickel, and manganese 
from the landfill leachate taken from the 
sanitary landfill "Desetine" in Tuzla 
(Figures 2, 3, and 4). 

The paper examined the effectiveness of 
two granulations of pyrophyllite (0-53 ym 
and 0-100 ym) on the degree of adsorption 
of heavy metals, Fe, Ni, and Mn present in 
landfill leachate water. 

The research results indicate that the iron 
in the sample can be completely removed 
immediately after the first treatment with 
pyrophyllite of both pyrophyllite 
granulations (granulation 0-53 wm) and 
(granulation 0-100 pm). 

The removal of nickel from landfill 
leachate water was achieved immediately 


after the first treatment with pyrophyllite 
in the amount of 82.2% (for granulation 0- 
53 pm) and 69.5% (for granulation 0-100 
yim) in relation to the initial concentration. 


The stated efficiency in both cases 
indicates that the remaining 
concentrations of nickel in leachate 


landfill water are below the permitted limit 
value and that this leachate can be 
discharged into the final recipient without 
further treatment. The IInd treatment with 
pyrophyllite for the purpose of reducing 
nickel in this water was not even 
necessary. 

Manganese in the landfill leachate sample 
exceeded the permitted limit value the 
most (up to 3 times) and its removal from 
the landfill leachate water required both 
treatments. Better adsorption efficiency in 
the amount of 79.9% was shown by the 
coarser granulation oof the used 
pyrophyllite (0-100 wm) after the first 
treatment, while in the second treatment, 
the efficiency was better with the 
granulation 0-53 wm and was 81.7% 
compared to initial sample. 

When using both granulations, manganese 
was removed from the landfill leachate 
water, and the remaining concentrations 
were below the legally prescribed values. 
Bearing in mind the number of sanitary 
landfills in Bosnia and Herzegovina and 
the region, which represent an increasing 
environmental problem and challenge, and 
the fact that they do not have any leachate 
treatment, pyrophyllite as a valuable 
natural mineral with proven adsorption 
properties is emerging as an effective 
ecological and innovative solution to the 
problem of pollution heavy metals. 
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ABSTRACT 


Aluminium alloy foams are a form of porous metal whose structure resembles the shape of natural 
materials such as coral, bone, sponge, etc. Due to their structure, these materials retain good 
mechanical properties of the base material while being significantly lighter than non-porous metal. 
Metal foams can be used as energy and vibration absorbers, heat exchangers, insulators, and filters. 
The main disadvantage of this type of material is its high production cost. To reduce production costs, 
aluminium alloy chips are used as base material. Foams are made of A360 and AA 7075 aluminium 
alloys. To produce a porous structure, CaCOs is used as a foaming agent while Zn and CaO were added 
as stabilizing agents. The main goal of the paper was to investigate the difference in the shape of 


pores and relative density after foaming with different stabilizing agents. 
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1. INTRODUCTION 

Metal foams imitate the structure of coral, 
sponge, and bone [1] and can be made from 
materials such as aluminium, titanium, 
nickel, and polymers [2]. They are 
characterized as low-density materials 
with high energy and sound absorption. 
Foams are divided into two groups, with 
open and closed cells. Open cell foams are 
made by compacting base material and 
space holder. After that material is heated 
and the space holder leaks [3]. These types 
of foams are used as filters, heat 
exchangers, and electrodes [4]. Closed-cell 
foams are made by compacting alloy 
powder and foaming agents such as TiH:, 
CaCOs, and others [5]. They can be made 
with hot compaction or extrusion. After that 


process, samples are heated depending on 
the foaming agent. Titanium hydride’s 
decomposition temperature is close to the 
melting point of aluminium alloy thus 
making it an optimal foaming agent. 
Calcium carbonate, however, is much 
cheaper and, due to higher decomposition 
temperature, requires no pre-treatment 
which leads to lower production costs 
[6,7,8]. 

Movahedi et. al proved that foaming with 
calcium carbonate gives smaller pores, even 
though temperature, foaming time, and 
CaCO; concentration were higher. Foams 
produced with CaCO; have _ greater 
compression strength and energy 
absorption, but lower density [9]. Sudharsan 
et. al proved that adding Mg and Cu, 
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increased the wettability and stability of the 
foams. It is important to avoid premature 
gas release [10]. Wang et al. used the pre- 
oxidation process by heating TiH2 to 
postpone gas release at lower temperatures 
[11]. Carbon dioxide gas stabilizes the foam 
and prevents coagulation. The difference 
between TiH, and CaCO; foaming agents is 
that CaCO; has a greater decomposition 
temperature which is needed for the 
foaming process [12,13]. 

The most common starting material for 
aluminium foam production is aluminium 
powder. The costs associated with this base 
material lead to a drastic increase in the 
overall production cost [14]. Using chips that 
are a by-product of the different machining 
processes could significantly decrease the 
production cost of these types of materials. 
The main challenge in producing foams 
from aluminium chips is the mixing of 
larger alloy chip waste and small powder 
grains of foaming agents. Tsuda et al. 
analyzed the influence of different base 
materials on pore sizes. Their research 
concluded that foams produced with 
powder alloy have a more homogeneous 
structure than foams produced using alloy 
chip waste [15]. 


Table 1. Production parameters 


The goal of this paper is to analyze the 
expansion and shape of aluminium foam 
pores produced using different weight 
percentages of CaCO; foaming agent. This 
paper is an extension of the previous article 
in which differences between foaming with 
TiH2 and CaCO; were given [16]. 


2. EXPERIMENTAL WORK 

Materials used for foam production were 
aluminium alloy chips A360 and AA 7075. 
Chips were produced on vertical machining 
center Spinner VC 560. The cutting tool and 
cutting parameters used for chip production 
of both alloys were the same to keep the 
chip dimensions comparable. The samples 
were split into groups: first to be compacted 
and second to be extruded. A certain 
percentage of foaming agent (CaCO;) and 
stabilizing agents (CaO or Zn) was mixed 
with the aluminium alloy chips. The correct 
weight percentages of the foaming and 
stabilizing agents are shown in Table 1. 
Firstly, the mixture of both groups was cold 
compacted with a force of 400 KN. 
Compression force was measured with the 
HBM load cell C6A 1MN sensor. 


Foaming and Foaming Foaming 
Sample ie . 
Process Alloy stabilizing temperature time 
number ; 
agent (°C) (min) 
1 Extrusion A360 Be CaGOs 800 15 
+2% Zn 
2 Extrusion AA 7075 Hipieacists 800 15 
+2% Zn 
: 5% CaCOs 
3 Extrusion A360 + 2% CaO 800 15 
; 5% CaCOs 
4 Extrusion AA 7075 + 2% Cad 820 15 
5 Extrusion A360 Se Cals 820 15 
+ 2% Zn 
6 Extrusion AA 7075 ee 820 15 
+2% Zn 
7 Compaction A360 pipes 800 20 
+2% Zn 
: % 
8 Compaction AA 7075 erences 800 20 
+2% Zn 
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After cold compacting, the samples from the 
first group were hot compacted. The process 
started with heating in the furnace for 20 
minutes at a temperature of 420 °C. The 
furnace used to heat the sample was 
Demiterm Easy 9. After the heating process, 
the sample was put in the hydraulic press. 
The mould used for the compression was 
heated to 400 °C. After that, the sample was 
hot pressed with a force of 400 kN. Omron 
temperature regulator E5CC and a relay 
G3PE-225B DC12-24 were used for 
measuring the temperature. Finally, the 
samples were placed in a mould with a 
diameter of 40 mm and heated to foaming 
temperatures. 

The second group of samples was hot 
extruded with previous heating in the 
furnace at the same temperature as the first 
group. They were also foamed at similar 
temperatures which are visible in Table 1. 
The mould used for the foaming of the 
second group was 22 mm in diameter. 
Relative density can be calculated as a ratio 
of foams density (p;) and the density of 
aluminium alloy (p,) [17]. 


pat () 


Ps 


3. RESULTS 
Table 2 shows the results of the calculated 
relative density. It can be seen that the 


Table 2. Relative density 


density of compacted samples is higher in 
comparison with extruded samples. The 
main reason is the higher percentage of 
CaCO; in the extruded samples. In 
comparison with the previous research [16], 
relative densities are as low as 0,26. The 
important difference between these two 
analyses is the addition of Zn as a 
stabilizing agent. 

It can be concluded that Zn promotes higher 
expansion, even though the amount of 
foaming agent is very low at just 3%. There 
is a small difference in relative density 
comparing two alloys A360 and AA 7075 
with the same temperature and time of 


foaming. Because of the higher 
decomposition temperature of CaCOs, 
different liquidus temperatures’ of 


aluminium alloys are not an influencing 
factor in the process. 

From Table 2 it can be concluded that foams 
with the addition of CaO have the highest 
density of extruded samples. Because of 
that, this stabilizing agent was not used in 
the process of compaction. High relative 
densities with CaO can be attributed to the 
high oxide level in the material during 
foaming that prevents foam expansion. 
Oxides help to stabilize the foams, but in this 
process, they are already present after the 
decomposition of calcium carbonate into 
CO.. 


Foaming and Foaming Foaming ‘ 
Sample sas : Relative 
Process Alloy stabilizing temperature time : 
number 3 ’ density 
agent (°C) (min) 
1 Extrusion A360 Sie 800 15 0,26 
+ 2% Zn 
2 Extrusion AA 7075 BeeAees 800 15 0,286 
+ 2% Zn 
3 Extrusion A360 oe Gale: 800 15 0,41 
+ 2% CaO 
4 Extrusion AA 7075 Sr eaGts 820 15 0,39 
+ 2% CaO 
5 Extrusion A360 saan 820 15 0,337 
+ 2% Zn 
6 Extrusion AA 7075 Se Cares 820 15 0,289 
+ 2% Zn 
. % 
7 Compaction A360 Se Gaco) 800 20 0,442 
+ 2% Zn 
: % 
8 Compaction AA 7075 oie hae 800 20 0,53 
+ 2% Zn 
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Comparing samples 1 and 5 which are made 
of A360, it can be concluded that higher 
density is achieved when using a higher 
temperature of 820 °C. The reason for this 
can be the coagulation of foams at higher 
temperatures and the same foaming times, 
Figure 1. 

Similar results are found in samples 2 and 6 
even though this difference is far lower. At 


1 (A360) 


2. (AA 7075) 


lower temperatures, sample 2 with AA 7075 
has a higher relative density than sample 1. 
When comparing samples foamed at a 
higher temperature, the opposite was 
observed. This can be due to the end of the 
expansion of A360 at a lower temperature. 
After that, foam coagulates and leaks, and 
the density rises. 


Figure 1. Structure of samples 


Sample 4, made with CaO, has a structure 
that is horizontal with the foaming 
direction. This foam has no rounded and 
homogenous pores 1. It is also similar to 


sample 3 which has only a few larger pores 
directed in the same way as sample 4. 
Because of this inhomogeneous structure of 
foams, CaO was not used as a stabilizer for 
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the compacted samples. As it was 
mentioned previously, calcium carbonate 
decomposes to CO, and the addition of CaO 
raises the viscosity of samples. Generally, 
oxides to one limit act as stabilizing agents, 
however, the viscosity in this sample is too 
high and prevents grow of foams. 

Samples with zinc as a stabilizing agent 
have more rounded pores and structure that 
is not directed in one way. The first sample 
has the most homogenous structure out of 
the extruded samples. It can be concluded 
that A360 is more convenient for foaming 
with this stabilizing and foaming agent 
than AA 7075. That is confirmed by Figure 1, 
where samples 1, 5, and 7 have a more 
rounded structure. Samples 7 and 8 have 
rounded pores that are not directed. 

A more uniform structure was obtained due 
to a lower concentration of CaCO;. Several 
larger pores can be related to powder 
accumulation at the beginning of the 
process. 


4. CONCLUSION 

In this paper production of aluminium 

foams using various production processes 

and stabilizing agents were analyzed. 

Aluminium A360 and AA 7075 chip waste 

were used in the foaming process together 

with CaCO; as a foaming agent. 

Additionally, Zn and CaO were used as 

stabilizing agents. Analyzing the pores and 

relative densities of the produced foams, the 
following was concluded: 

e Samples with CaO had an 
inhomogeneous structure that is related 
to higher oxide levels in the foam. 
Oxides act as stabilizers, but with a 
higher percentage, they raise the 
viscosity and prevent expansion. 

e Zinc helps to stabilize the foams, and 
using this agent pores are more rounded 
than in samples 3 and 4 with CaO. 

e Foams 7 and 8 had the highest density 
because of the lower CaCO; percentage. 
Rounded pores were also observed. 

e The higher temperature of foaming 
leads to higher relative density. That 
can relate to an increase in pore 
diameter which can cause coagulation 
and leakage. 


e At lower temperatures, sample 1 with 
A360 has a lower density than sample 2 
with AA 7075, and at _ higher 
temperatures, there is a higher density 
with A360 foam. 
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ABSTRACT 


The particle shape and size of the starting powders represent the most important physical properties, 
on which the quality of the compacts and final sintered products depends. Two types of powder were 
analyzed in the paper - electrolytic copper powder with a dendritic particle shape and water-atomized 
copper powder with an irregular particle shape. The starting powders were sieved through a sieve 
system with openings of 45 zm, 80 pm, and 120 pm. The characterization of the obtained fractions of 
both powders was performed by determining the shape and dimensions of the particles using SEM 
microscopy in combination with ImageJ software, and the apparent density and flow rate were 
determined using the Hall flowmeter funnel. Pressing of each powder fraction was done using a 
pressure of 600 MPa. The compacts were further sintered at 1000°C for 2 hours to obtain the final 
sintered parts. After sintering, their density, hardness, and electrical conductivity were determined 
and their microstructure was analyzed. The results indicate a great influence of the characteristics of 
the starting powders on the properties of the final parts obtained by the powder metallurgy route. The 
particle shape of the powders had a more pronounced influence compared to the particle size. 
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1. INTRODUCTION 

The powder metallurgy (PM) route includes 
obtaining the final products through 
compact the starting powders and sintering 
them under controlled conditions. The 
main disadvantage of the classical PM 
process is the impossibility of achieving a 
full density of final products, due to their 
porosity, and that is why the mechanical 
properties of sintered parts are lower [1, 2]. 
Properties of sintered parts depend on the 
parameters such as characteristics of the 
starting powders, compaction pressure, 


sintering temperature and time, etc. If the 
compaction pressure, sintering temperature, 
and time are higher, the density is superior, 
and the porosity is lower. Mechanical and 
electrical properties are also dependent on 
the density and porosity, therefore, they 
increase with an increase in compaction 
pressure, sintering temperature, and time, 
but all this increases the process cost [3]. 

In addition to the process parameters, the 
particle shape and size have a great 
influence on all operations during 
obtaining parts using the PM route and on 
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the quality of the final sintered products. 
The particle shape has a large effect on the 
contacts between particles and therefore 
has a_ significant influence on _ their 
behavior during pressing and sintering. 
Generally, the compacts obtained from 
coarse powder particles have a_ higher 
density compared with the compacts from 
fine powders [4]. 

To obtain the required properties in the 
final sintered parts, a suitable combination 
of process parameters is required [5, 6]. This 
paper presents the effects of particle shape 
and size of the starting copper powders, on 
the properties of powders, green compacts, 
and sintered samples. In the case of 
powders, the evaluated properties were 
apparent density and flow rate. In green 
compacts, density was evaluated, and in 
sintered samples _ hardness, electrical 
conductivity, and microstructure of PM 
parts were discussed. To obtain samples 
with different average particle sizes, water- 
atomized and electrolytic copper powders 
were sieved and separated with sieves with 
openings of 45 zm, 80 pm, and 120 pm. 


Table 1. The powder's/sample's designation 


2. EXPERIMENTAL PART 

Water-atomized copper powder (supplied 
by Centrochem) with an irregular particle 
shape and electrolytic copper powder 
(supplied by Pometon) with a dendritic 
particle shape were used as_ starting 
materials. Commercial powders were 
sieved to obtain fractions with a narrow 
powder particle size distribution (in the 
range of about 40 pm). The powders were 
sieved on sieves with openings of 45 1m, 80 
pm, and 120 pm. In this way, three fractions 
were obtained: - 45 pm, + 45 pm - 80 pm, 
and + 80 pm - 120 pm. The powder's 
designations are given in Table 1. The first 
letter in the designations indicates whether 
the powder was obtained by water- 
atomization (A) or by electrolytic method 
(E). Other letters indicate the range of 
particle sizes in that powder: very fine (VF) 
with particles below 45 pm, fine (F) with 
particles from 45 pm to 80 pm, and medium 
(M) with particles from 80 pm to 120 pm. 
This classification is based on the paper [7]. 


Fractions Atomized powders Electrolytic powders 
- 45 A-VF (Atomized - Very Fine) E-VF (Electrolytic - Very Fine) 
+ 45-80 A-F (Atomized - Fine) E-F (Electrolytic - Fine) 
+ 80-120 A-M (Atomized - Medium) E-M (Electrolytic - Medium) 


The characterization of the powders 
included the determination of the shape 
and morphology of the particles, particle 
size distribution of powders, the apparent 
density, and the flow rate of the powders. 
The shape and morphology of the particles 
were determined using SEM "Tescan VEGA 
3LMU" microscope. The average particle 
size and particle size distribution of each 
powder were obtained based on SEM 
microphotographs, using the image 
analysis software ImageJ. The particle size 
was measured along the longest axis. The 
apparent density and the flow rate of the 
powders were examined using the Hall 
flowmeter funnel. The apparent density 
was done according to the ISO 3923 
standard, and the flow rate was determined 
according to the ISO 4490 standard [8, 9]. 


The powders were further compacted on a 
hydraulic press "Mohr & Federhaff & 
Losenhausen" with a pressure of 600 MPa. 
The compacts were sintered in a furnace 
"Elektron ELP-08" in an atmosphere of 
argon at a temperature of 1000 °C for 2 h, to 
obtain sintered parts. Density, hardness, 
and electrical conductivity were measured 
and the microstructure was analyzed using 
optical microscopy. The hardness was 
measured using "VEB Leipzig" Vickers 
hardness tester with a load of 10 kg. The 
device "Institute dr. Forster Sigmatest 
2.063" was used for measuring electrical 
conductivity. The optical microscope used 
to observe the microstructures was "Carl 
Zeiss Jena Epytip 2". 
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3. RESULTS AND DISCUSSION 
3.1 Characterization of powders 
Figure 1 presents SEM microphotographs of 
copper powders with different sizes and 
shapes depending on the obtaining method. 


a) 
SEM HV 20.0 kV 
SEM MAG: 500 x 


SEM HV: 20.0 kV 
SEM MAG: 500 x 
‘View fleld: 277 ym 


SEMHV:20.0KV | WO: 10.66 mm 
‘SEM MAG: 500 x Det BSE 50 pm 


View field: 277 wm Bt 11.00 Performance in nanospace 


The water-atomized powders (Figs. la-Ic) 
appear in an irregular shape while the 
electrolytic powders show a _ typical 
dendritic shape (Figs. 1d-1f). 


‘SEM HV: 20.0 kV 
‘SEM MAG: 500 x 


SEMHV:200KV_ | 
SEM MAG: 500 x 


Figure 1. SEM microphotographs of copper powders (a) A-VF; (b) A-F; (c) A-M; (d) E-VF; 
(e) E-F; (f) E-M 


Figure 2 shows the average particle size 
and particle size distribution of atomized 
copper powders A-VF, A-F, and A-M. The 
A-VF powder has the finest average 
particle size as compared to others, which 
is 25.2 pm. Powder A-F is coarser, with an 
average particle size of 64.7 pm. The 
powder A-M is the coarsest with an 
average particle size of 125.7 jm. 


Figure 3 shows the average particle size 
and particle size distribution of electrolytic 
copper powders E-VF, E-F, and E-M. The E- 
VF powder has the finest average particle 
size, which is 36.4 pm. Powder E-F is 
coarser, with an average particle size of 51.7 
pum. The coarsest electrolytic copper is E-M 
powder with an average particle size of 84.2 
pm. 
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Figure 3. The average particle size (d.) and particle size distribution of electrolytic copper powders (a) E- 
VF; (b) E-F; (c) E-M 
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powders 

influenced by the theoretical density of the 
metal, the granulometric composition of 
the powder, particle shape, surface and 
roughness of the individual particles, 
particle packing, oxidation degree, and 
porosity. Generally, the apparent density 
increases with an increase in particle size 


Comparing the same fractions of atomized 
and electrolytic powder, it can be noticed 
that VF atomized powder is finer than 
electrolytic one, while F and M atomized 
powders are coarser than F and M 
electrolytic copper powders, respectively. 

Figure 4 shows the apparent density and 


the flow rate of loose powders. The 
apparent density of the metal powder is 


(this behavior was not shown in this paper, 
but vice versa), if the particle shape 
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becomes less spherical and more irregular 
and with an increase in surface roughness 
[10]. 

It is generally observed that atomized 
copper powders have higher apparent 
densities and flow rates compared to 
electrolytic powders. This is related to the 
shape of the particles. In the case of 
dendritic electrolytic copper powder, the 
presence of bulges and dents in the particle 
surface, as well as the increase in the 
specific surface area of the particles 
increase the friction between particles, this 
makes it difficult to move the particles 
relative to each other and causes poor 
packing of the dendrite particles. Because 
of that, atomized powders have a higher 
apparent density and flow rate than 
dendritic powders [1], 12]. 
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The highest apparent density and flow rate 
are observed for A-VF powder (3.43 g/cm? 
and 23.32 s/50g, respectively). The lowest 
apparent density was achieved in E-F 
powder (only 1.22 g/cm‘), while E-VF 
powder showed the lowest flow rate (186 
s/50g). 


3.2 Characterization of sintered parts 
Figure 5 shows the results of measuring the 
densities of green compacts and sintered 
parts from different types of powders. It can 
be concluded that the density of sintered 
parts decreased compared to the density of 
green compacts. This is unusual behavior. 
The expansion of the parts most likely 
occurred due to the reaction of residual 
gases in compacts with the atmosphere in 
the sintering furnace, i.e. with residual 
oxygen inside the furnace. 


MB Green compacts 
[] Sintered parts 


0 } 
A-VF A-F A-M E-VF E-F E-M 


Powder 


Figure 5. The densities of green compacts and sintered parts 


Sintered parts obtained from atomized 
copper powders have significantly higher 
density values compared to parts obtained 
from electrolytic copper powders. In the 
case of parts obtained from electrolytic 
copper powder, a clear tendency is 
observed that the density of the parts 
increases with an increase in the particle 
size of the starting powder. The same 
results were obtained by Chang and Wu [4]. 
This tendency is not expressed in parts 
obtained from atomized copper powder. 


Figure 6 shows the microstructures of 
sintered parts obtained from atomized 
powders with different particle sizes. 
Polygonal grains with annealing twins are 
observed. The tendency of grains and 
microstructure consolidation is observed 
with an increase in the particle size of the 
starting powder from which the parts were 
obtained. Spherical pores are present at the 
grain boundaries and within the crystal 
grains themselves. The porosity is 
indicated, especially for the samples 
obtained from powders A-VF and A-M. 
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Figure 6. Optical micrographs of sintered copper obtained from atomized powder (a) A-VF; 


(b) A-F; (c) A-M 
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Figure 7. Optical micrographs of sintered copper obtained from electrolytic powder (a) E-VF; 


(b) E-F; (c) E-M 
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Figure 7 presents the microstructures of 
sintered samples obtained from electrolytic 
powders with different particle sizes. For 
the same starting powders (the same 
fractions), a finer-grained microstructure 
was observed in parts obtained from 
electrolytic powders compared to parts 
obtained from atomized powders. The 
microstructure is dominated by pores, 
which are large and different in shape. All 
sintered parts are more porous compared to 
samples obtained from atomized copper 
powders. The porosity is the most 
pronounced for the sample obtained from 
the electrolytic E-VF powder with the finest 
particle size, which was also confirmed by 
the results of the density measurement. 

Figure 8 shows the hardness and electrical 
conductivity of sintered parts obtained 


36.—_—_—_ 


from powders of different sizes and shapes. 
Sintered parts obtained from atomized 
powders have higher hardness and 
electrical conductivity values compared to 
parts obtained from electrolytic copper 
powders. This is understandable, 
considering the higher density values of 
the parts obtained from atomized copper. 
The sample from A-M powder has the 
highest hardness value, which is 34.57 
HV10. The sample from A-F powder has the 
highest electrical conductivity, which is 
38.15 MS/m. The lowest values of hardness 
and electrical conductivity were obtained 
for the parts obtained from the electrolytic 
copper powder E-VF with the finest 
particles, which also showed the lowest 
density value. 
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Figure 8. Hardness and electrical conductivity values of the sintered parts 


4. CONCLUSIONS 

The influence of the copper particle shape 

and size on some properties of powders, 

compacts, and PM parts was analyzed. The 
following conclusions can be drawn: 

e Atomized powders showed higher 
values of apparent density and flow 
rate compared to electrolytic powders. 
Increasing the particle size of atomized 
powder showed a decrease in apparent 
density and flow rate (atypical 
behavior). However, increasing the 
particle size of electrolytic powder 


showed an increase in flow rate (typical 
behavior). 

e The density of the sintered parts 
decreased compared to the density of 
the compacts. Sintered parts obtained 


from atomized powders have 
significantly higher density values 
compared to parts obtained from 


electrolytic powders. 

e The finer microstructure was achieved 
in sintered parts obtained from 
electrolytic powders but with much 
more pronounced pores compared to 
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the parts obtained from atomized 
powders. 

e Sintered parts obtained from atomized 
powders have higher hardness and 
electrical conductivity values compared 
to parts obtained from electrolytic 
powders. 
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EFFECT OF ADDITION OF WET-STRENGTH AGENT ON TENSILE STRENGTH OF 
PAPER 


Edina Husic¢’, Sefkija Botonji¢ 
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ABSTRACT 


Wet-strength paper production is of great significance due to its prominent importance in everyday 
consumer activities. Recently, market demands for paper with specific properties and purposes are 
increasing. Production of these paper types is very challenging for the manufacturer since they have to 
meet very specific demands. Wet-strength paper products include bags that come in contact with 
moisture and wet products, hygienic and kitchen towels, paper towels, packaging products (packages 
for liquids, aseptic dishes, and a variety of packaging for food), and other special purposes items (tea 
bags, coffee filters, paper money, etc.) Throughout this research, the focus was on the effects a wet- 
strength agent has on the tensile strength of paper. The wet strength property of paper is the ratio 
between the strength of paper in the wet and dry state. The strength in the dry state comes from the 
hydrogen bonds present in natural cellulose, while the strength of paper in the wet state requires 
waterproof (covalent) bonds created by the use of a wet strength agent. The wet strength agent used is 
acationic PAE resin. The aim of the work is to determine the optimal amount of agent needed in relation 
to the required value of the tensile strength property of the paper. The investigation of these influences 
was Carried out on Semi Extensible Standard Kraft type of paper in Natron-Hayat. 
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1. INTRODUCTION act either as protective agents by preventing 


Wet strength paper is paper that holds a 
significant portion of its original strength 
(strength in the dry state) after being 
completely saturated with an aqueous 
solution. In order to produce this type of paper, 
which needs to maintain its strength after 
being made and in a wet state, chemical 
agents are used. Wet-strength chemicals such 
as UF-urea formaldehyde, MF-melamine 
formaldehyde, PAE-polyaminoamide 
epichlorohydrin, and others are used to 
develop and maintain the mechanical 
strength of paper when the paper comes in 
contact with moisture. According to the 
chemical composition of these agents, they 


fiber swelling and protecting existing bonds 
or form new and waterproof bonds through 
reinforcement mechanisms. In order for the 
paper to be used for the production of bags, 
it needs to have extremely good physical 
and mechanical properties, both in the 
longitudinal and transverse directions [I]. 
The need for such high mechanical 
performance of paper is based on the fact 
that modern technologies for filling bags 
and transporting them require high 
durability of bags [2]. On the other hand, one 
must always look at the financial viability of 
the product, which means that the goal is to 
produce the best possible product with as 
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little cost as possible. Thus, in order to be 
competitive in the market, some other 
subtypes of sack kraft paper have been 
developed from the basic offer of sack kraft 
paper, which has its advantages in the 
production of bags. The wet strength 
property of paper is the ratio between the 
strength of paper in the wet and dry state. 
Unlike the strength in the dry state, which 
comes from the hydrogen bonds present in 
natural cellulose, the strength of paper in 


the wet state requires waterproof (covalent) 
bonds. Naturally, cellulose contains few 
covalent bonds, so additives are needed that 
will affect the formation of these bonds. 
Polymer resins are most commonly used to 
increase the strength of wet paper. There are 
two different Wet strength mechanisms, 
the protection mechanism, and the 
amplification mechanism, which are 
shown in Figure 1 [3]. 


Figure 1. Representation of wet strength mechanism of action: a) protection mechanism, b) 
amplification mechanism [3] 


The protection mechanism involves the 
diffusion of the wet-strength polymer to the 
fiber surface where it binds through and 
around the fibers. In this way, they prevent 
swelling of the fibers and help preserve 
covalent bonds when the paper is exposed to 
water. In contrast, the reinforcement 
mechanism means that new bonds are 
formed between the wet-strength polymers 
and the fibers. Since the dry strength of 
different types of paper varies according to 
different parameters such as_ weight, 
density, and forces between the fibers, it is 
difficult to determine the strength in the wet 
state. Therefore, the wet strength property of 
paper is usually represented by the ratio 
between the strength of the paper in the wet 
and dry state. When paper comes in contact 
with water, water molecules increase the 
distance between individual cellulose fibers, 
so that much of the strength is lost. The 
paper strength is then only about 10% of the 
dry strength. This percentage is usually 
considered to represent the friction force 
between the residual pulp forces [4]. 


1.1 The Basic Mechanism of Fiber Strength 
The strength of the paper depends on the 
strength of the bond between the individual 
fibers, the fiber distribution, and the bond 
(formation). 


In the paper, fibers are joined by Van der 
Waals bonding forces and hydrogen bonds 
that give the paper mechanical and 
essential structural strength. Figure 2 
shows the hydrogen bonds within and 
between cellulose fibers [5]. 
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Figure 2. Cellulose fiber with hydrogen 


bonds (dashed lines) within and between 
cellulose molecules [6] 


Binding affects both the development of the 
structure and the final structure of the 
paper. The bond between the fibers can be 
viewed as a zone in which two fibers are so 
close to each other that molecular 
entanglement or chemical bonding can 
occur. Bonds hold the fibers together and 
therefore contribute to the internal cohesion 
of the paper [6]. 
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When paper is in contact with water, the 
hydrogen bonds between the fibers get 
broken. In this way, the paper loses its 
mechanical strength. The strength of 
normal paper after wetting is small, usually 
4-10% of its strength when dry. Therefore, 
additives can be added to cellulose, 
chemicals for wet strength, which protect 
the bonds between the fibers and increase 
the strength of wet paper. The most 
commonly used agents are polymer resins 


[7]. 


2. ANALYSIS OF THE IMPACT OF "WET 
STRENGTH” CHEMICALS ON THE 
PHYSICAL AND MECHANICAL 
PROPERTIES OF PAPER 

The influence of Wet strength chemicals on 

the mechanical properties of paper was 

investigated and the data of 33 reels (460 

tons of paper) to which the chemical was 

added were processed. An_ individual 
analysis of each reel of paper was 
performed. Analysis of NH Wet Strength 
semi-extensible paper was performed in the 
internal laboratory at Natron-Hayat in 
Maglaj using the following methods: 
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e The standard method of Natron-Hayat 
NH F 6: Determination of tensile 
properties, constant load speed method 
(ISO 1924-1), and constant stretch speed 
method (ISO 1924-2 and ISO 1924-3) [8,9]. 

e The standard method of Natron-Hayat 
NH F 21: Determination of tensile 
strength after immersion in water [10]. 

The addition of chemicals to the system was 

done gradually from a larger amount to a 

smaller one in order to find the optimal 

consumption for the required percentage of 
wet paper strength. The amount of chemical 
dosed at the pump, at the time of completion 
of the reel of paper was monitored, after that 
the paper on the given reel was analyzed 
according to the previously mentioned 

methods, and from the obtained data a 

comparison of the mentioned parameters 

was made. 

Figure 3 shows the amount of added 

chemical and the direct impact on the 

property of wet strength paper (md direction 
of measurement) on the analyzed paper 
reels. 
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Figure 3. Effect of the addition of wet strength chemicals - md paper direction 
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Figure 4. Effect of the addition of wet strength chemicals - cd paper direction 


Figure 4 shows the amount of added 
chemicals and the direct impact on the 
property of wet strength paper (cd direction of 
measurement) on the analyzed paper reels. 

Figures 3 and 4 show how much of an effect 
adding the chemical has on the wet strength 
of paper in the machine direction and cross 
direction. From the presented results the 
optimal amount of chemical consumption 
that meets the required wet strength value 
can be seen. Due to the need to saturate the 
system, a larger amount of agents was added 
at the beginning. The measured values of wet 
strength (in the cd and md direction) were 
lower on the first analyzed tambourines 
because it is necessary to saturate the system 
with the added wet strength additive. Then, 
smaller amounts of the agent were added and 
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higher values of the wet strength cd and md 
properties were obtained on the following 
reels. In order to find the optimal ratio of the 
amount of added agent and the required value 
of wet strength, the amount was reduced to 
180 dm3/h or 5 kg/t of paper, whereby the 
required wet strength value was obtained. 

In order to have an insight into the influence 
of chemicals on the physical and mechanical 
properties of paper, the analysis of semi- 
extensible paper without the addition of wet- 
strength chemicals was performed. Figure 5 
compares the values of tensile strength, 
measured in the MD and CD directions of the 
paper, in the dry and wet state in the case 
when no wet Strength chemical was used 
during production. 
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Figure 5. Tensile strength in dry and wet state in cd and md direction 
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Figure 5 shows the measured value of 
tensile strength in the dry and wet state in 
two directions of the paper to which no 
chemicals for wet strength were added. The 
same analysis was performed on three 
paper reels (42t paper). The diagram shows 
that the value of tensile strength in the wet 
state decreases sharply compared to the 
value of tensile strength in the dry state. On 
Figure 5, it can be seen that the mechanical 
properties of the paper in the dry state are at 
a high level, but after immersion in water, 
these values decrease. The reason for the 
high values of mechanical properties in the 
dry state for this type of paper is related to 
the raw material from which it is obtained, 
long cellulose fibers and their processing by 
grinding processes, and also with the help of 
machine orientation. The obtained values of 
the comparison of tensile strength in the 
wet and dry states shown in Figure 5 show 
that there is a decrease in the value by about 
90% when the paper is in the wet state. 


3. CONCLUSION 

In this paper, theoretical research was 

conducted on the production of wet- 

strength paper and the mechanism of action 
of wet-strength chemicals. Based on the 
results of this research and research 
conducted in the laboratory and industrial 
conditions in the pulp and paper factory 

Natron - Hayat, the following conclusions 

were reached: 

e Wet strength semi extensible paper as a 
paper with strong mechanical 
properties in the wet state is a sought- 
after product for all purposes in which 
the paper comes as packaging for 
products with a higher percentage of 
moisture; 

e In order to obtain good physical and 
mechanical properties of paper in the 
wet state, the use of additional 
chemicals is required. In order to find 
the optimal consumption of the 
chemical, but also to meet the required 
value of paper strength in the wet state, 
it was concluded that the optimal value 
of consumption is 180 dm*/h or 
approximately 5 kg/t of paper. The use of 
new chemicals in each production 
process further increases the cost of 


production itself, so the optimal balance 
must be found between _ the 
consumption of funds and the cost- 
effectiveness of the product. 

e In order to prove the impact of 
chemicals on the product, an analysis of 
paper without the addition of chemicals 
was performed. Such a product does not 
have the strength in the wet state that is 
needed. By saturating the paper with 
water, the paper loses its physical and 
mechanical properties, which is proven 
by the analyzes in this paper. Chemicals 
for wet strength are those that lead to 
the creation of new bonds with fibers 
and the preservation of physical and 
mechanical properties when the paper 
is wet. Analyzes showed that the value 
of wet paper strength in paper to which 
wet strength chemicals were not added 
was 10%, while in paper with the 
addition of wet strength chemicals, 
depending on the amount added, this 
value is 20-35%; 

e The impact of the amount of chemicals, 
ie. the amount of chemicals consumed 
in relation to paper production was 
investigated in this paper and the 
results were obtained on the optimal 
amount of consumption per ton of paper, 
following the internal standard on 
physical and mechanical properties of 
paper and economic aspect; 

e In order to be competitive with the 
market, paper mills must follow new 
trends in production and have papers for 
specific purposes in their product 
portfolio, such as wet strength paper. 
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Polymeric materials have an important role in gluing technology due to their broad application in the 
wood industry, metal industry, glass, and ceramics industry as well as medicine. This article 
discusses the basic physicochemical aspects of bonding with adhesives and also, the mechanisms of 
action of the adhesive materials during bonding based on polymerization processes and different 
types of polymerization. It was emphasized that depending on the material used in gluing, various 
adhesives with different physicochemical characteristics facilitate and contribute to the quality of 
the bonded joints. In this way, it is an insured procedure that is suitable for materials that are sensitive 
to the effects of heat, because welding and soldering would deform the base material and often the 


total degradation of its mechanical properties. 
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1. INTRODUCTION 

From time immemorial, the gluing 
technique has been used to make many 
products from different materials. 
Particularly successful development of 
bonding materials has occurred in the last 
two or three decades. Today, the board of 
gluing techniques is experiencing constant 
expansion due to the development of 
quality adhesive materials, appropriate 
equipment, and technological processes. 
The technology of gluing is extremely 
important and for a long time is the 
dominant binding process, for example, in 
the wood industry, while today it is used on 
other basic materials such as metals, 
ceramics, plastics, glass, etc. Using gluing 
technology, especially wood as a basic 
material is of great use-value, and the 
development of new adhesives has 
significantly ensured the quality of the 


bonded joints. The application of adhesive 
technology on metallic materials is 
currently relevant for purposes of a lower 
degree oof responsibility (medicine 
applications), although at the global level, 
more and more often itis used on structures 
of greater responsibility, for example in 
aviation. 

The application of gluing technology is 
especially suitable for thin metal parts of 
different shapes and sizes, and the 
construction of complex shapes of different 
materials. The stress concentrations in the 
metal are minimal, there is no twisting and 
creasing. The adhesive technology is 
especially suitable for materials that are 
sensitive to the effects of heat because 
welding and soldering would deform the 
base metal and often the total degradation 
of its mechanical properties [1-5]. 
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2. COUPLING MECHANISM USING 
ADHESIVES 
Bonding materials are most often achieved 
by an adhesive-cohesive mechanism that 
is evident in several basic materials such as 
wood, metals, heat-resistant plastics, 
ceramics, etc. Adhesion is the force of 
attraction between surfaces of two or more 
of the same or different materials brought 
into direct contact. Adhesion forces lead to 
the formation of an adhesion bond which is 
a consequence of the migration of 
molecules of the base material into the 
adhesive and vice versa, where the bond is 
achieved by chemical bonding, and 
physical and mechanical bonding. 
Chemical bonding implies the realization of 
one and covalent bonds between the base 
material and the adhesive. 
Physical bonding is realized by dipole- 
dipole intermolecular forces, and 
mechanical is conditioned by mechanical 
contact of contact surfaces. The formation 
of chemical bonds is especially realized in 
the contact of metals, metal oxides, and 
hydroxides with adhesives, while 
intermolecular Van der Waals bonds are 
realized in the use of synthetic highly 
polymerized substances and in bonding 
polar materials such as wood (cellulose). 
Also, mechanical bonding is important in 
porous materials such as wood, while metal 
damage has almost no role. Cohesion forces 
are those that hold matter together, with the 
molecules of polar and _ non-polar 
compounds being interconnected by 
intermolecular and chemical bonds. The 
mechanical strength of the bonded joint is 
the total strength and consists of adhesion 
and cohesion strength and is influenced by 
a large number of influencing factors, the 
most important of which are the chemistry 
and structure of the adhesive 
macromolecules. 
It is known that polar compounds and 
heterochain polymers with equal 
macromolecular chain lengths and chain 
parallelism have significantly greater 
cohesion than non-polar compounds in 
wood gluing. Cohesive bonding is realized 
by the action of Van der Waals forces, a 
typical chemical covalent bond, and often 
hydrogen bonds. The adhesives used for 


bonding are in the liquid state, and curing is 
a chemical process in which adhesive 
monomers polymerize by polymerization 
and polycondensation mechanisms, which 
are explained in more detail in the next 
section [6, 7]. 


3. PHYSICO-CHEMICAL 

ADHESIVE BONDING 
The mechanism of action of the adhesive 
during bonding is based on polymerization 
processes. A polymer is a compound of high 
molecular weight, and the structure is such 
that it can be considered to be composed of 
many small equal parts (Greek Polys = 
many, and meros = part). The process by 
which polymers are formed is called 
polymerization. 


ASPECTS OF 


3.1 Polymerization mechanisms 

Polymers are defined by their mechanism, 
which can take place as in the following: 

e chain-reaction, 

e step-reaction, 

Coordination polymerization is a special 
type of chain-reaction polymerization 


3.11 Chain-reaction (Addition) polymeriza- 
tion mechanism 

Polymerization by the chain reaction 
mechanism is reduced to free radical 
reactions or reactions in which ions 
participate as reactive particles. Depending 
on the type of initiator used, cations and 
anions can take over this function. The 
mechanism of the free _—_— radical 
polymerization chain reaction begins with 
the polymer chain growing by creating free 
radicals from unsaturated monomers that 
are added to the growing polymer chain to be 
obtained. 

The presence of small amounts of initiators 
is required for polymerization. The most 
commonly used initiators are peroxides. 
These compounds cause the formation of 
free radicals by binding an oxygen molecule 
from peroxide to one C atom of an 
unsaturated compound, forming an even 
larger radical that further adheres to the 
next molecule and thus advances the chain 
reaction. The end of the chain reaction 
occurs by merging two radicals, whereby the 
radicals are consumed and new ones are not 
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formed. For example, the mechanism of 
obtaining poly(ethene) - commonly called 
polythene by chain polymerization of free 
radicals (shown in Figure 1). 

Initiation or creation of free radicals begins 
with the use of the molecule-initiator R = R1 


=~_—>_)s—_=— — 


which is thermally unstable and by 
breaking into free radicals R and R1 (where 
Rand R1 may or may not be the same) during 
heating; (Reactions 1-6 and Figure 2). These 
created radicals then react with the 
monomeric unit M: 


H 


iii | 
ret. 
H H H H 


Figure 1. Chain-reaction polymerization: the reaction of a few monomer units 


R*+M—>RM (1) 
RM, * + RMn* > RMonR (2) 
_~tbond 
a 1 
Rae CH2—*— CH» ———® Ra —$—CH2 ——CH> (3) 
Saws 
Rae Tope CH) ———® Ra —2-CH,— 6h» (4) 
RaCHaCH2* + CHa=CH2 ——- RaCH2eCH2CH2CH?e (5) 
Ra(CHajme + *({CH2)j,Ra —@—e Ra(CHa)m({CH2)n Ra (6) 


Figure 2. The reactions step of polymerization involves: (1)-initiation; (2)-propagation; 
(3)-termination 


In the same way, the RM radical will react 
with the next monomer unit to form a 
growing polymer chain. The end of the 
chain and thus the reaction is formed by a 
combination of two radical chains that 
occurs at temperatures below 60 °C. The 
mechanism of the ionic polymerization 
chain reaction takes place depending on the 
type of compound used, so it can be cationic 
polymerization or anionic chain-reaction 
polymerization [8-12]. 


Cationic polymerization 

Cationic polymerization takes place by a 
mechanism characteristic of chain 
reactions with the difference that the acid 
used here is the initiator. Different acids can 
be used as initiators: H2SO., AICl3, and BF3 
with the addition of small amounts of water. 
The reaction mechanism goes through the 
intermediate state, which leads to the 
formation of carbocations (carbon ions). The 
formed carbocation adheres to the terminal 
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C-atom of the double bond and thus forms a 
new carbocation. This process is repeated 
until the chain is complete. Any of the 
carbon ions can be stabilized and the chain 
terminated by proton loss from any carbon 
atom located adjacent to the carbon ion. 


oe Le 
H { CH, . 


Therefore, the product always contains a 
double bond per polymer molecule and 
consists of a mixture of isomers in which, 
preventing further isomerization, the double 
bond is in positions 1, 2, or 2, 3, which can be 
shown as follows (Figure 3). 


“xX — Ke 


Figure 3. The cationic polymerization 


Polypropylene is produced by the chain- 
growth polymerization of propene (Figure 5). 


An example of cationic polymerization is 
given for the formation of polyisobutylene 
and polypropylene is shown in Figure 4. 


CHs CH; 
BF3*H20 + HxC=C ——» H3;C—C@ [BF;OH] © 
boron CH; CHs 
trifluoride isobutylene 
CHs i Hs 3 
= S) as 
CH CH : 
; 3 CH; CH; 
od i ie 
H5C—C-€CH,—C}-CH,—C@ [BF,0H]2 ——» 
CH3 CH3 CH3 
: es Cis CH3 
H3C—C-€CH2— cpcm@=C¢ + H®©pBr,0H] © 
CH3 a CH3 
polyisobutylene 


Figure 4. The formation of polyisobutylene 
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fet 
H |} HH | 


pape 
cH cH," CH, 


Figure 5. The molecular structure of polypropylene (PP) 


Polypropylene is made from _ the 


polymerization of propene monomer (an 


unsaturated organic compound - chemical 


formula C3He) by Ziegler-Natta 
polymerization or Metallocene catalysis 
polymerization (Figure 6). 


\ f polymerization | | 
r=C ——_—_—> +e 
f \ or metallocene | | ™ 
H CH3 catalysis H CH; 
propylene polypropylene 
H CH, 
H CH, Catalyst | | 
n c—=c Heat —C 
"A \ H Pressure | | 
H H n 
Propene Polypropylene 
(Monomer) (Polymer) 


Figure 6. The formation of Polypropylene (PP) 


Upon polymerization, PP can form three 
basic chain structures depending on the 
position of the methyl groups (Figure 7). 
e Atactic (aPP) — Irregular methyl group (— 
CH;) arrangement, 
e Isotactic (PP) — Methyl groups (—CHs) 
arranged on one side of the carbon chain, 
e Syndiotactic (sPP) — Alternating methyl 
group (—CH;) arrangement 
According to the used (co)polymerization or 
mixing process and formulation, 
polypropylenes can be hard or soft, opaque or 
transparent, light or heavy, insulating or 
conductive, neat or reinforced with cheap 
mineral fillers, short or long glass fibers, 
natural fibers or even self-reinforced [13-17]. 


Anionic polymerization 

Anionic polymerization takes place by a 
mechanism that takes place under the 
influence of the anion as the initiator, ie 
under the influence of a base. LiNH; in-butyl 
lithium is most often used as the bases that 
activate the molecule of the polymerizable 
compound, ie. organometallic lithium 
compounds or some other organometallic 
compounds are used. A general overview of 
anionic polymerization is given as follows 
(Fig.8): 

An example of this polymerization method 
is given for the case of polystyrene 
formation in Figure 9. 
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Atactic Polypropylene (aPP) 


rrr 


Isotactic Polypropylene (iPP) 


TTT TT Try 


Syndiotactic Polypropylene (sPP) 


Figure 7. Basic chain structures of PP 


xX 


R—M + H»C—=C — > 


Xo 


R—CH,— 


+ 
= 


Figure 8. The anionic polymerization 


--CH,—CH-} or —CH;—CH + 
| | 


C.He 


Ol 


Figure 9. Basic chain structures of polystyrene 


Anionic polymerization can be enhanced by 
the use of the metals Li and Na. For example, 
in the polymerization of styrene by the 
action of metallic Na on naphthalene, the Na 
atom transfers one electron (1) to 
naphthalene, so that the resulting radical 
anion gives the electron styrene (2) with the 
formation of styrene radical anion. Like 
other free radicals, the styrene radical-anion 
dimerizes into one dianion, which is the real 
initiator of this polymerization, and it begins 
to grow at both ends of the dianion (Figure 
10). 

Anionic polymerization is not limited to 
vinyl compounds, which react by binding to 
carbon-carbon double bonds. For example, 
the addition of a small amount of base to 


ethylene oxide converted into a high 
molecular weight polyether (Figure 11). 

In anionic polymerization, the growth of the 
reaction chain is stopped due _ to 
contamination or the presence of a molecule 
that is not an integral part of the 
polymerization mechanism [18]. 


3.1.2 Coordination polymerization 

In addition to the shown cationic and anionic 
polymerization, chain polymerization, 
according to the latest literature references, 
can also take place by a coordination 
mechanism. Coordinative polymerization is 
based on the use of metal cations and the 
creation of a coordination bond with organic 
ions [9]. 
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Figure 10. Polymerization of styrene 
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Figure 11. Basic chain structures of polyether 


The introduction of ionic polymerization, 
and especially coordinate polymerization, 
has improved this area of chemistry. 
Particularly important here are the 
researches of Karl Ziegler and Giulio Natta 
(Nobel Prize in 1963 for work on catalysts by 
which the polymerization process could be 
controlled to such an extent as never 
before). These Ziegler-Natta catalysts are 
complexes of transition metal halides and 
organometallic compounds, such as 
triethylaluminum titanium trichloride. The 
reaction proceeds via nucleophilic addition 
to the carbon-carbon monomer double 


bond, with one organic group of the 
carbanion-like organometallic compound 
taking on the role of the nucleophile. The 
transition metal may additionally form a 
complex with the m-electrons of the 
monomer, the monomer being tightly 
bound at the reaction site; polymerization 
occurs by incorporating an alkene molecule 
into the bond between the metal and the 
growing alkyl group [10, 11]. 

Organic ions as chain carriers have a 
charge that is equal to the ion of the 
opposite charge or counters ion. Thus, the 
metal cation Li+ or Na+ is tightly bound to 
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the growing anion. Ionic pairs as well as 
larger groups can play a major role in 
polymerases. When the bond between the 
reaction center and the metal is 
predominantly covalent, we call this 
reaction "coordinate polymerization.” The 


growing organic chain is not a pronounced 
anion but its reactivity is based on an 
anion-like character. An example is the 
formation of polyethylene by the 
coordination mechanism (Fig. 12). 


H H 
H, H | 
Cc—=C _— c—cC 
n / ‘ | 
oy : ‘al | 
H H 

fn 

Ethene Poly(ethene) 


Figure 12. Polymerization of ethene 


Polymerization with Ziegler-Natta 
catalysts has two advantages over free 
radical polymerization: 1) linear polymers 
are obtained, and 2) stereochemical control 
of the reaction is enabled. 

For example, polyethylene, formed by free 
radical polymerization, has a_ highly 
branched structure, which is attributed to a 
special mode of chain transfer. 
Polyethylene, formed by _ coordinate 
polymerization (coordination process), is 
mostly unbranched. Unbranched 
molecules can easily bind to each other and 
then it is a polymer with a high degree of 
crystallinity. The exact mechanism of 
coordination polymerization is _ still 
unclear. However, it is believed that the 
transition metal is the active site. The 
ethylene is coordinated to the free site at the 
transition metal and inserted between the 
metal and the alkyl group R. The 
coordination process results in the 
stereospecificity of the polymerization. The 
rate of the reaction can be influenced by the 
nature of the other ligands present [13-15]. 


3.1.3 Step-reaction (condensation) 
polymerization 

Polymerization by the mechanism of the 
stepwise reaction, i.e. polycondensation, 
takes place as a series of reactions that are 
mutually independent of each other. The 
polymer is formed by combining two 
monomer molecules into a _ dimer 
representing two molecules joined together, 


which can then again react with the other 
monomer and dimer, etc. until a long 
polymer is formed. 

Two different functional groups are involved 
in the condensation polymerization reaction. 
These can be two different monomer 
particles (AA and BB) or the same monomer 
(AB). The reactions that take place can be 
illustrated by the example of the reactions 
that occur in the production of PET 
(polyethylene terephthalate) and = are 
presented as follows: 

During condensation polymerization, a 
water molecule or some other simple 
molecule or compound is separated from 
each newly formed bond. In the PET 
synthesis reaction given above (Figure 12), 
the alcohol combines with the carboxylic 
acid group to give an ester bond and water. 
Another example of a _ condensation 
polymerization reaction is the synthesis 
and preparation of Nylon-6,6 in which a 
peptide bond is formed (Figure 13). 

The reaction does not depend on a chain 
carrying free radicals or ions as in chain 
polymerization but the individual steps are 
independent of each other. If each 
monomer molecule contains only two 
functional groups, growth can only go in 
two directions, and a linear polymer (e.g. 
Nylon-6,6 or Dacron) is obtained. If the 
reaction can occur in more than two places 
on the monomer, then a highly intertwined 
polymer (e.g. Glyptal, alkyd resin) is formed. 
In condensation polymerization, the 
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reactive groups at both ends of each 
monomer react with each other. As the 
chain grows, it also has reactive groups at 
each end so that its length can become 


2) 
I| 


HOLY 
i “oH + 


II 
8) 


adipic acid 


significantly longer if the two chains join 
together. Condensation polymerization is 
used in the preparation and production of 
polyester, nylon, and polyurethane [19]. 


ig 
H,N 


hexamethylene diamine 


nylon 6,6 


Figure 13. The condensation polymerization 


4. STRUCTURE OF POLYMER/ POLYMER 
STRUCTURE 

4.1 Microstructure 

Although the fundamental property of most 
polymers is the degree of polymerization, 
the structure of the chain is a significant 
factor that determines the macroscopic 
properties of the polymer. In this sense, the 
terms configuration and conformation are 
used to describe the geometric structure of 
polymers. The configuration is an 
arrangement determined by chemical 
bonding. The polymer configuration cannot 
be changed (rearranged) until the chemical 


(a) 


Free rotation about this single bond 


Same molecule; no isomerism. 


: e CR HO 


bonds are broken (broken) and rearranged. 
Conformation is an order that is created by 
rotating a molecule around a single bond. 
These two structures are studied further in 
the text [20, 21]. 


Configuration 
There are two types of polymer 
configuration: cis- and trans-. These 


structures cannot be changed in the 
physical sense or by rotation. The cis 
configuration predominates in the 
molecule when substituted groups on the 
same side of the C = C bond (Figure 14). 


No rotation about this double bond 


Different molecules; isomers. 


Figure 14. The configuration of polymer 


Stereochemistry (spatial arrangement) is a 
term used to describe the configuration of 
polymer chains. The three clear and 
distinctive structures that are obtained are 


called: isotactic (A), where the arrangement 
of all substituents is on the same side of the 
polymer chain; syndiotactic (B) where the 
polymer chain is composed _ of 
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interchangeable (variable) groups and 
atactic (C), where the arrangement of 


substituents is a random or random 
combination of groups. The following 
structures show two of the three 


stereoisomers of the tidal chain (Figure 15). 
Conformation is the rotation of a part of a 
molecule around single bonds. If two atoms 
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Ve ar Ve % 
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‘ ar Se . 
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Atactic (C) 


ae 
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are bound by a single bond, then rotation 
around this bond is possible, unlike a 
double bond, and this does not require 
breaking the bond itself and results in the 
formation of a more energetically favorable 
structure. 
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Figure 15. The configuration of polymer chains 


The geometric arrangement of the bonds as 
a way of representing the polymer structure 
may vary. A branched polymer is formed 
when the "sides of the chain" are attached 
to the main chain [20, 21]. A simple example 
of a branched polymer is shown in Figure 
16. 


Figure 16. The configuration of a branched 
molecule of polymer 


There are several ways to display the 
arrangement of branched polymers. One of 
these types is called "star branching". Star- 
shaped branching occurs when 
polymerization begins with only one 
monomer and has branches radially 
oriented outwards, i.e. outwards from this 
point. Polymers with a high degree of 
branching are called dendrites. Often in 
these molecules, the branches have their 


own branching. In this way, the molecules 
get a spherical shape in three dimensions. 


4.2 Macrostructure 

The shape of the molecules and how the 
molecules are distributed in the solid state 
are important factors in determining the 
properties of polymers. Polymers can be 
crystalline and amorphous. To explain the 
difference between crystalline and 
amorphous materials as well as 
semicrystalline, the example of glass, as an 
amorphous material and crystalline ice 
was taken. Crystalline polymeric materials 
show a high degree of order that is formed 
by assembling and accumulating polymer 
chains. Amorphous materials or glass-like 
structures show a very low degree of order 
and the chains are intricate, as shown in 
Figure 17. 

In the solid-state, amorphous and 
crystalline materials have different heating 
behavior. By applying heat, the glass 
changes from a solid, brittle material at 
room temperature, to a viscous liquid in 
contrast, by heating, ice changes from a 
solid to a liquid state. 
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a 


b c 


Figure 17. The arrangement of molecular chains in crystalline-a, amorphous-b, and 
semicrystalline-c polymers 


The melting of the crystal leads to marked 
changes in the optical properties of the 
crystal itself. Crystalline materials have 
molecules arranged in repeating patterns or 
patterns. Salt is one of the simplest atomic 
structures with its components, Na and Cl 
ions, arranged in interchangeable arrays 
and the structure is cubic (cube). Salt, sugar, 
ice, and most metals are crystalline 
materials. As such, they tend to have a 
highly ordered and regular (symmetrical) 
structure [20, 21]. 

In contrast, amorphous materials have 
molecules arranged randomly in long 
chains that are curved and curved lines, 
which surround each other, thus making 
structures that are very different from each 
other. The morphology of most plumbers is 
a structure that is very different from each 
other. The morphology of most polymers is 
semi-crystalline, i.e. they form mixtures of 
small crystals and amorphous material. 
Some polymers are completely amorphous 
but most combinations with intricate and 
unoriented regions, surrounded by 
crystalline surfaces one of such 
combination is shown in the following 
Figure 18. 


Figure 18. The morphology of plumbers 


It was found that the degree of 
polymerization is a significant factor in 
determining the crystallinity of the 
polymer, as well as its macro mechanical 
properties. Polymers of lower molecular 
weights (short chains) are mostly crystals 
and generally lower mechanical strength is 
the reason that these are crystals and only 
weak Van der Waals forces act within the 
lattice. This allows the layers of crystals to 
slide slowly next to each other under 
tensile loads, causing the material to tear. 
The high degree of polymerization 
(amorphous polymers), on the other hand, 
are stronger because the molecules are in 
intertwined layers that are additionally 
connected by hydrogen bonds. In most 
polymers, a combination of crystalline and 
amorphous structures forms a material 
with more favorable properties in strength, 
i.e. in hardness and hardness. Also, the 
morphology of the polymer depends on the 
size and shape of the monomer-substituted 
groups. If the monomers are large and 
irregular, it is very difficult and complex to 
redistribute the polymer chain in a more 
orderly manner, which in turn results in an 
amorphous solid state. Smaller monomers 
and monomers that have very regular 
structures (like rods or rods) will form more 
crystalline polymers. The cooling method 
significantly affects the level of 
crystallinity. Slow cooling provides the 
time required for a higher level of 
crystallinity. Faster cooling or shorter 
crystallization time, on the other hand, 
leads to the separation of amorphous 
materials. Gradual curing (heating and 
holding at certain temperatures below the 
melting point of the crystal, followed by 
slow cooling) will lead to a significant 
increase in crystallinity in most polymers. 
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Synthetic polymers used as adhesives have 
different properties and they are 
conditioned by the chemical composition 
and structure of the material [22]. 

It has been shown that, with increasing 
molecular weight, the melting temperature 
of the polymer increases, reduces solubility, 
increases viscosity, and, to a certain degree, 
adhesion ability. Polymers that contain low 
molecular weight fractions to a certain 
extent have higher plasticity while 
increasing high molecular weight fractions 
increases strength, hardness as well as 
brittleness. 

In the case of synthetic polymers formed by 
the condensation mechanism, it can 
generally be said that they are solid and 
hard. Those adhesives formed by the chain 
reaction mechanism melt relatively well 
and soften at lower temperatures. 


5. CONCLUSION 

The article presents the basic 
physicochemical aspects of bonding with 
adhesives. As shown, the mechanism of 
action of the adhesive is based on 
polymerization processes. In addition, the 
basics of adhesive polymerization by chain- 
reaction mechanism and_ step-reaction 
mechanism are given. Also, the mechanism 
of coordination polymerization, which is a 
special form of chain polymerization, is 
emphasized. This type of polymerization is 
important today because by using special 
catalysts, the polymerization process can be 
controlled extremely well. 

Ziegler-Natta catalysts are organometallic 
compounds wherein the polymerization 
reaction takes place via nucleophilic 
addition to the carbon-carbon monomer 
double bond. By catalyzing the 
polymerization process, macrostructures 
can be achieved that provide the appropriate 
mechanical properties of the adhesive, i.e. 
the compounds’ achieved by _ their 
application, especially in biomedicine. 
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